Abstract
Methods
To estimate reproductive success, pollinator observation was conducted by day and at night, and pollinia removal and receipt were recorded in the field population for 8 years. To examine whether fruit set and seed set are pollen limited, we conducted supplementary pollination experiments and compared fruit set, seed set and pollinia movement of open-pollinated flowers from 2011 to 2013. We measured lengths of spurs and pollinator proboscises, and nectar volume and concentration, to identify potential pollinators.
Important Findings
Hawkmoths were seen to be effective pollinators for H. glaucifolia in 3 years, whereas in the remaining 5 years no pollinators were observed, and consequently pollinia were rarely transferred. Numerous pollinia movements were observed in 2012, 2013 and 2014 (pollinia removal: 48, 59 and 85%; pollinia receipt 51, 70 and 80%), and correspondingly fruit set was significantly higher in 2012 and 2013 (59 and 46%) than in 2011 (25%). it was fruit set, rather than seed set, that was pollen limited in this orchid in the 3 years, in that supplementary pollination increased fruit set but did not increase seed set per fruit compared to natural. Three species of hawkmoths had proboscis lengths that matched the spur length of H. glaucifolia. Fruit set in this long spurred orchid depends on the activity of long-tongued hawkmoths, resulting in significant temporal variation in fruit production. mast fruiting in this alpine orchid could be attributed to a 'sit and wait' strategy, awaiting an abundance of effective pollinators.
Keywords: Habenaria glaucifolia, mast fruiting, orchidaceae, pollinator scarcity, pollen limitation, pollinia movement, 'sit and wait' strategy received: 14 January 2015, accepted: 24 January 2015 iNTroducTioN Mast fruiting is an intermittently synchronous heavy fruit production in perennial plants (Janzen 1974; Kelly 1994; Kelly and Sork 2002) , while fruit production in the intermast period is usually much lower (Ashton et al. 1988) . Several hypotheses have been suggested to explain the triggers for mast fruiting, including proximate causes (resource depletion (Crone et al. 2009; Henkel et al. 2005; Newbery et al. 2006; Sork 1993; Sork et al. 1993 ) and density-dependent pollen or pollinator limitation (Crone et al. 2009; Sakai et al. 1999) and predator satiation as an ultimate cause (Janzen 1974; Kelly 1994; Sakai 2002; Sork 1993; Visser et al. 2011) . Predator satiation has been widely accepted as an ultimate explanation for reproductive synchrony in both plants and animals (Kelly 1994) .
Theoretical study predicts that mast fruiting should be restricted to species with high adult survivorship and a low at Kunming Institute of Botany,CAS on July 15, 2015 http://jpe.oxfordjournals.org/ Downloaded from population growth rate (Waller 1979) . Thus, it is not surprising that few studies on mast fruiting have considered herbaceous plants (Huang et al. 2002; Kawarasaki and Hori 2001; McKone et al. 1998; Taylor et al. 1991) . A community survey in southeast Asia, however, showed 4 out of 10 local orchids flowering abundantly in synchrony with dominant dipterocarp species, a phenomenon described as 'general flowering' (Sakai 2002) . Fruit production in many orchids is pollen limited due to a scarcity of pollinators (Johnson and Bond 1997; review in Tremblay et al. 2005) , which may result in fluctuation in rates of pollination and fertilization (Brzosko 2002; Inghe and Tamm 1988) . Mast fruiting could be a common 'sit and wait' strategy (Ashman and Schoen 1994; Greenberg et al. 2001; Schoener 1971) in orchids in an unpredictable pollination environment. A single-flowered lady's slipper (Cypripedium acaule) consistently exhibited significant fruit-set failure but produced mast fruits when canopy forest destruction by fire was followed by increased pollinator activity (Davis 1986; Gill 1989) . However, fruit production is a costly process for C. acaule, severely limiting the fruit production in the following years (Primack and Hall 1990) , suggesting that resource accumulation during nonmast years was another important factor triggering mast fruiting in C. acaule. Pollen limitation is widespread in orchids, implying that mast fruiting could be common in a good pollination year and the intermast period may allow the accumulation of resources for the next fruiting event.
To investigate whether the pattern of mast fruiting occurs in orchids, we observed pollinator visitation and fruit production in Habenaria glaucifolia (Orchidaceae), a terrestrial perennial orchid in southwest China, over 8 years. The orchid's flower is greenish white and with a long nectar spur, likely to be pollinated by long-tongued moths. In this study, we first identified effective pollinators for the orchid based on floral traits and field observations. To estimate pollination success in the orchid, we counted pollinia removal and receipt. To examine whether fruit set and seed set in the orchid are pollen limited, we conducted hand-pollination experiments. The 8-year record of pollinia movement permits us to document a large fluctuation in reproduction.
maTErials aNd mETHods

The study species and site
Habenaria glaucifolia Bur. is a terrestrial orchid, growing in open meadow or under forest from 2000 to 4300 m in southwestern China. Two fleshy leaves extend flat on the ground, with the 20-60 cm stem and raceme above. The greenish white flowers comprise two half-moon side sepals and an almost orbicular central sepal, and a labellum that splits basally into two strongly curved side lobes and a long central lobe (Fig. 1A) . The labellum develops into a 3-4 cm long, greenish spur in which nectar is available. The separated viscidia lie below anther sacs containing the pollinia which consist of numerous massulae. The stigma is divided into two lobes situated on either side of the entrance to the spur. The species flowers from early July to late August. Its fruits contain thousands of tiny seeds and mature in mid October.
Our survey involved a large population with thousands of individuals growing in Shangri-La Alpine Botanical Garden, a field station in northwestern Yunnan, China (27°54′5″N, 99°38′17″E, 3300-3350 m a.s.l.; see Huang et al. 2015) .
To measure the spur length, one randomly-chosen newly opened flower from each of 30 different individuals was measured to 0.01 mm using a digital caliper. Then the spur tip was cut off with micro scissors and nectar volume was estimated using a 20-μl micropipette. Nectar concentration was measured with a hand-held sucrose refractometer (Bellingham and Stanley, 0-45%). Proboscis lengths of captured hawkmoths were measured with the digital caliper.
Pollinator observations
Pollinator visits to flowers were observed in the field for 8 years from July to August in 2000, 2006, 2007, 2009 and from 2011 to 2014. Daytime observations, usually more than 20 h per year were made from 10:00 to 17:00 h on sunny days (see Huang 2012, 2013) . Nighttime observations were made from 18: 30 to 22:00 h; one observer focused on a plot containing 30-40 flowering individuals. After dusk we used a small flashlight covered with thick red plastic film for observation (see Liu and Huang 2013) . Nocturnal observations were made by three observers for at least 10 h per person per year on four or five nights per year.
Pollinia removal and receipt
To estimate pollination success, we recorded pollinia removal and receipt at the late flowering stages of H. glaucifolia. In 2000 In , 2007 In , 2009 In and 2014 , we recorded pollinia receipt by checking for massulae on stigmas using a hand magnifier. The percentage of pollinia removal and receipt was calculated as the number of flowers with pollinia removed and received divided by the number of flowers examined. In 2011 to 2013, we counted pollinia removed (pr) and the numbers of massulae deposited (ms, only in 2012 and 2013) on the two stigmas in each flower on five flowers (for individuals with fewer than five flowers, we checked all the flowers) on more than 40 individuals using a hand magnifier. The number of massulae per pollinium (m) was determined from 30 pollinia from different flowers (Johnson and Brown 2004) . The pollen transfer efficiency (PTE) equals the number of massulae received divided by the total number of massulae per flower (PTE = ms/(m×pr), Johnson et al. 2005) .
Pollination experiments
To examine pollen limitation in H. glaucifolia, we conducted pollination treatments over 3 years from 2011 to 2013. Fifteen flowers on different individuals were supplementally pollinated with pollinia collected from other individuals at least 10 m away (outcross-pollination). One month later, we collected the 15 fruits resulting from supplementary treatment as To estimate seed set, all seeds and ovules in a fruit were placed in 5 ml of 75% alcohol. Five 50-μl drops were used to count developed seeds which had a significant embryo and aborted seeds under a stereomicroscope. The seed set was calculated as the average of the percentage of developed seeds in each drop.
Fruit set of open-pollinated plants was estimated from more than 50 flowering individuals from 2011 to 2013.
Data analysis
To examine pollinia transfer efficiency in H. glaucifolia, we used Pearson correlation to test whether pollinia receipt increases with pollinia removal. Fruit set and seed set were compared between treatments by a one-sample t-test and one-way analysis (ANOVA) of variance using Tukey HSD' s method, respectively. To examine fluctuations in the pollination environment across years, we compared fruit set and seed set of open-pollinated flowers, pollinia removal and receipt among 2011, 2012 and 2013, and number of massulae received per flower between 2012 and 2013, using one-way ANOVA. Post hoc multiple comparison results were gained using Tukey HSD' s method. All analyses were conducted in IBM SPSS 19.0 and data are presented as mean ± SE.
rEsulTs
Pollinator behavior
The spur length of H. glaucifolia ranged from 20.08 to 29.29 mm (25.22 ± 0.33 mm) with an average 6.43 ± 0.38 mm depth of nectar inside. The nectar volume was 3.56 ± 0.23 μl and sugar concentration was 30.55 ± 0.63%. Although we conducted a long-term series of diurnal and nocturnal observations from 2000 to 2014, effective pollinators for H. glaucifolia were only observed from 2012 to 2014. In 2012, three species of hawkmoths in Sphingidae (Hyles sp., Macroglossum variegatum, and an unidentified Macroglossum species, with proboscis lengths of 24, 26 and 35mm, respectively) and in 2014, the Macroglossum species were observed frequently visiting and pollinia were observed adhering to the base of the proboscis (Fig. 1) . Most visits were before full dark, between 18:30 and 20:30 h local time. The hawkmoths approached and hovered in front of a spike and then inserted the proboscis into the spur to suck nectar. Hawkmoth visitations were brief, lasting only 2-3 s. Several flowers on one plant could be visited and the flowers could be probed more than once. Hawkmoths then flew rapidly to nearby flowering individuals.
Pollinia removal and receipt
We rarely observed pollinia movement in the first 5 years, but in 2012, 2013 and 2014 pollinia removal and receipt were frequent (Fig. 2) . Pollinia removal and receipt significantly increased in 2012 and 2013 compared with 2011 (Fig. 2, (Fig. 3 , one-sample t test, 2011: t = −12.6, df = 30, P < 0.001; 2012: t = −8.8, df = 56, P < 0.001; 2013: t = −9.4, df = 54, P < 0.001), indicating that fruit production was pollen limited in this orchid. However, seed set per fruit was not significantly different in all 3-year comparisons (Fig. 3) between open-pollinated flowers (2011: 53.3 ± 7.1%; 2012: 53.5 ± 6.6%; 2013: 67.5 ± 8.7%) and supplementally pollinated flowers (2011: 67.5 ± 6.99%; 2012: 63.6 ± 5.37%; 2013: 71.4 ± 5.8%). Fruit set was significantly higher in 2012 and 2013 than in 2011 (one-way ANOVA: F 2,140 = 9.293, P < 0.001), consistent with the result of pollinia receipt above. However, seed set was not significantly different among the 3 years (one-way ANOVA: F 2, 41 = 1.186, P = 0.316).
discussioN
Our 8-year survey of pollinia movement in H. glaucifolia indicated that fluctuation in fruiting in the orchid was attributed to the activity of hawkmoth pollinators in the alpine meadow. During the first 5 years of observations, pollinia movement rarely occurred and hawkmoth pollinators were not observed. Mast fruiting occurred when we observed abundant pollinia deposition on stigmas mediated by hawkmoth pollinators.
Previous observations on Habenaria species in South America indicated that these nectar-producing orchids with long spurs were self-compatible and fruit production depended on pollinators which were mainly moths (Moré et al. 2012; Pedron et al. 2012) and rarely butterflies or craneflies (Diptera: Tipulidae) (Singer 2001; Suetsugu and Tanaka 2014) . For example, the long-spurred species were extremely pollinated by long-tongued hawkmoths in Brazil (Pedron et al. 2012) . A study on four sympatric Habenaria species showed that fruit set of these species was high (~85%) over 2 years given that pollinia transfer efficiency was quite high. Percentages of pollinia receipt were observed ranging from 72.4 to 86.1% and pollinia removal ranging from 63.8 to 83.6% (Pedron et al. 2012) .
Although eastern Asia is a diversity center of Habenaria species, the pollination ecology of the genus is little studied (Suetsugu and Tanaka 2014) . We occasionally observed that H. glaucifolia was effectively pollinated by hawkmoths in the alpine meadow in southwest China during our 8-year survey. The pollen transfer efficiency (PTE) that we observed for 2 years was close to the value of previous investigations (9.73%) in orchid species with massulae (Harder and Johnson 2008) . The greenish white flower of this alpine orchid, with its relatively long spur, suggests that this species could be pollinated only by hawkmoths, given that the tongue length of other nocturnal moths that appeared in our study area was less than 20 mm, too short to reach to nectar in the spurs (Xiong 2014). However, hawkmoths with suitable proboscis (24-28 mm), matched in length to the spurs of H. glaucifolia (25 mm), were observed visiting the flowers and carrying pollinia. Hawkmoth activity decreases at low temperature, and this may limit plant fecundity at high elevation (Baker and Hurd 1968) . Cruden et al. (1976) found a negative relationship between elevation and fruit set in hawkmoth-pollinated species. H. glaucifolia is the orchid with the longest nectar spur that we know of in the alpine area (see Xiong 2014). It would be interesting to know whether altitude variation in spur length relates to variation in fruit set in this orchid.
Our record of pollinia movement over 8 years in H. glaucifolia indicated that failure in pollinia receipt was because of a scarcity of hawkmoth pollinators. However, in some years (in 2012 and 2013, Fig. 2 ) numerous pollinators visited and plants received much pollen receipt resulting in mast fruiting. This could be explained as a 'sit and wait' strategy (Ashman and Schoen 1994; Schoener 1971 ), a situation of mast fruiting that might be common in orchids. Fluctuation in fruit set was observed across years in C. acaule, and mast fruiting occurred when pollinator activity increased because of the destruction of canopy forest by fire (Davis 1986; Gill 1989) . Mast fruiting in H. glaucifolia may be mainly limited by pollinator numbers rather than resource depletion (which requires years to recover from the previous fruiting) because in the last 3 years of our study period from 2012 to 2014 fruit set was continuously high.
Although fruit set was limited by pollen receipt, we did not find seed set per fruit to be pollen limited based on our 3-year supplementary pollination experiment, suggesting that seed production was not limited by the numbers of massulae deposited on stigmas. In support of this, natural seed set per fruit did not differ significantly among the 3 years. Pollen limitation has been considered to be widespread in Orchidaceae species (Johnson and Bond 1997; review in Tremblay et al. 2005) , but few studies have documented pollen-limited seed set (in Platanthera bifolia, Vallius and Salonen 2006) . Previous studies suggested that a single visit was potentially sufficient to produce a full seed complement (Montalvo and Ackerman 1987; Proctor and Harder 1994) .
Orchid species produce huge numbers of tiny, dry wind-dispersed seeds which are unlikely to be susceptible to seed predation. We have not observed fruits in H. glaucifolia attacked by herbivores. The hypothesis of predator satiation cannot be used to explain large fluctuations in fruit production in this orchid. We suggest that reproductive synchrony in this alpine orchid could be triggered by favorable weather (temperature) which permits the activity of hawkmoth pollinators.
